Promising outcomes of salvage chemotherapy after nivolumab therapy have been reported; however, little is known about the detailed clinical and immunologic features in lung cancer patients in whom nivolumab is unsuccessful. We report two cases of nivolumab-refractory lung cancer, in which chemotherapy resulted in rapid regression of the lung cancer. Upon initial diagnosis, the biopsy specimens showed PD-ligand 1 (PD-L1)-expressing cancer cells, accompanied by tumor-infiltrating lymphocytes with a favorable CD8/CD4 ratio. Immunosuppressive regulatory T cells and cells positive for TIM-3 were also observed. Physicians should take caution in treating lung cancer patients after progression on nivolumab. Further studies with a large cohort are warranted to identify the patients that may benefit from salvage chemotherapy.
Introduction
Recently, salvage chemotherapy for lung cancer has shown synergistic anti-tumor activity after previous therapy with nivolumab, a programmed death-1 (PD-1) inhibitor. [1] [2] [3] However, little is known about the detailed clinical and immunologic features in patients in whom nivolumab treatment is unsuccessful and who thus receive subsequent chemotherapy. Herein, we reported an unexpected chemotherapy outcome of rapid regression of nivolumab-refractory lung cancer in two patients. We hypothesized that chemotherapy improved the balance between immunostimulator and immunosuppressive cells to synergize with the immunostimulatory effects of the previous nivolumab treatment, despite disease progression under nivolumab treatment.
Case reports Case 1
A 66-year-old female current smoker was diagnosed with stage IV undifferentiated non-small cell lung cancer (NSCLC) with bone metastasis. There was no EGFR mutation or ALK rearrangement. She received cisplatin/gemcitabine followed by docetaxel. The best response after each regimen was a partial response and stable disease, respectively. However, 18 months after the initiation of chemotherapy, the lesions progressed (Fig 1a) , and she was administered nivolumab as third-line therapy. Although the tumor further enlarged after a total of six cycles of nivolumab, the possibility of pseudoprogression was considered and treatment was continued.
Despite nine cycles of nivolumab, disease progression and an increasing cough were evident (Fig 1b) . Three weeks after the last administration of nivolumab, the treatment regimen was changed to S−1 at a dose of 60 mg twice daily for 28 consecutive days, followed by a two-week rest period. S−1 has been reported to show efficacy and safety in previously treated NSCLC patients. 4 The tumor rapidly regressed, resulting in a partial response six weeks later (Fig 1c) . The patient's lung cancer has remained progression-free for five months.
Histopathologic review of the transbronchial biopsy specimen at the time of diagnosis showed large, undifferentiated cancer cells (Fig 2a) . Immunohistochemical examination indicated that > 90% of the tumor cells expressed PD-ligand 1 (PD-L1) (Fig 2b) . CD3 + T-lymphocytes were found in the tumor stroma (Fig 3a) . Infiltration of CD8 + cells was more predominant than CD4 + cells (Fig 3b,c) . FOXP3 + regulatory T-cells and cells positive for TIM-3 + were included in the tumor stroma (Fig 3d,e) .
Case 2
A 75-year-old male former smoker was diagnosed with stage IIIA lung adenocarcinoma with pulmonary metastases. No EGFR mutation or ALK rearrangement was detected. The patient underwent treatment with cisplatin/ pemetrexed, followed by docetaxel and S−1. The best response after each regimen was a partial response, stable disease, and progressive disease, respectively. Eighteen months after the initiation of chemotherapy, the lung tumor enlarged (Fig 4a) and the serum CYFRA 21-1 level increased from 2.9 ng/mL to 4.5 ng/mL (reference value < 3.5 ng/mL).
The patient was administered nivolumab as fourthline therapy; however, after three cycles, the tumor increased in size. After six cycles of nivolumab, disease progression was evident (Fig 4b) and the CYFRA 21-1 level further increased to 6.4 mg/mL. Three weeks after the last administration of nivolumab, his therapy was changed to carboplatin/ albumin-bound paclitaxel, which was administered to target an area under the blood concentration-time curve of 5 mg/mL/min on day 1, and a dose of 100 mg/m 2 on days 1, 8, and 15. Carboplatin/albumin-bound paclitaxel has been reported to show promising efficacy and tolerability in previously treated patients with NSCLC. 5 One month later, the tumor rapidly regressed, leading to a decrease in the CYFRA 21-1 level to 2.3 ng/mL. Two months later, a partial response was achieved (Fig 4c) . The patient's lung cancer has remained progression-free for five months. The remaining transbronchial biopsy specimen taken for diagnosis was insufficient for retrospective evaluation of PD-L1 expression.
Written informed consent for the publication of these case reports was obtained from the patients.
Discussion
In this case study, the administration of S−1 or carboplatin/albumin-bound paclitaxel, even as fourth or higher-line therapy, resulted in the rapid regression of nivolumabrefractory lung cancer. Third-line cytotoxic chemotherapy has been reported to have a low response rate of 3-9%. 6, 7 Recently, three retrospective studies, including a casecontrol study, presented a promising response rate of 25-39% after salvage chemotherapy following exposure to PD-1/PD-L1 inhibitors (Table 1) . [1] [2] [3] The case-control study revealed an odds ratio of 0.30 (95% confidence interval 0.18-0.50) for achieving a partial response to salvage chemotherapy. 1 In phase I/II trials, concurrent administration of the PD-1 inhibitor with first-line chemotherapy showed a high response rate of > 50%. 8, 9 Chemotherapy has been suggested to synergize with PD-1 inhibitors in some lung cancer patients.
In one of two cases, the pretreatment lung cancer cells highly expressed PD-L1 and were accompanied by predominantly infiltrating CD8 + lymphocytes; regulatory T cells and TIM-3 + cells were also included. Nivolumab recruits tumor-infiltrating lymphocytes and upregulates interferon-γ-related chemokines, independent of nivolumab treatment status. 10 Nevertheless, nivolumab failure may partially be a result of the co-existence of regulatory T-cells and TIM-3 + cells. 11, 12 Several chemotherapeutic agents are known to decrease the number of regulatory Tcells and restore the anti-tumor activity of CD8 + cells. 13, 14 Of note, in PD-1 knockout mice with favorable survival, paclitaxel enhanced the expression of major histocompatibility complex class I on cancer cells and recruited more cancer-specific CD8 + cells. 15 Therefore, chemotherapy following nivolumab therapy may improve the balance of immunostimulator and immunosuppressive cells.
The influence of the timing and sequence of chemotherapy on this balance are important to evaluate. In cancer patients, carboplatin/paclitaxel therapy decreases the proportion of circulating regulatory T cells after around 12-14 days. 16 However, the immunologic effects are eventually restored to initial pre-chemotherapy values despite repeated chemotherapy. 17 These findings suggest the possible need for immunologic interventions that will break the existing homeostatic mechanisms of immune escape. Immunologic examinations of tissue biopsy specimens before and after nivolumab failure may shed light on this issue.
Although the definition and exact mechanisms of pseudoprogression following nivolumab therapy remain undetermined, we considered this possibility in our cases. In Case 1, the tumor enlarged and respiratory symptom worsened after the 18-week observation period during nivolumab therapy. On review of previous clinical trials for NSCLC, symptomatic pseudoprogression was uncommon at nine weeks after the initiation of nivolumab. 18, 19 In Case 2, the serum CYFRA 21-1 level increased, along with enlargement of the tumor. A case report on pseudoprogression in two lung cancer patients receiving nivolumab showed that tumor size initially increased independent of a decrease in serum tumor maker levels and that tumor-infiltrating lymphocytes persisted even after cancer cells have disappeared. 20 These findings suggest an unusual response to chemotherapy in our cases, rather than pseudoprogression.
In conclusion, physicians should be cautious when treating patients after progression on nivolumab because nivolumab-refractory lung cancer could show a remarkable response to salvage chemotherapy. Further investigation with a large cohort is required to elucidate the extent of the benefits of salvage chemotherapy and how these responders can be selected.
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